INTRODUCTION
An earthquake of magnitude 7.3 (wave magnitude of 7.3) occurred on Oct. 10, 1980 at 13:25:23.7 local time (12:25:23.7 GMT) . The earthquake epicenter of the main shock was located 12 km in the east region of Chlef City (210 km west of Algiers) at latitude 36.143 • N and longitude 1.413
• E with a focal depth of about 10 km. The approximate duration of the quake was between 35 and 40 s. The event, commonly referred to as the El Asnam Earthquake, was among the most disastrous earthquakes that have affected the northern region of Algeria. The earthquake devastated the city of El Asnam, population estimated at 125,000, and the nearby towns and villages. The large loss of life (reportedly 5000 to 20,000 casualties) and property was attributed to the collapse of buildings. In several places of the affected area, especially along Chlef river banks, great masses of sandy soils were ejected onto the ground surface level. Belkhatir et al. (2010a) reported that major damage to certain civil and hydraulic structures (earth dams, embankments, bridges, slopes, and buildings) was caused by this earthquake.
The city of Chlef lies in a broad alluvial valley flanked to the north and south by ranges of hills that rise to a height of approximately 1000 m. The valley is drained by the Chlef River. Although there was clear evidence of different types of soil failure, some of these failures occurred in a region where engineered structures existed,
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Skempton's pore pressure parameter e min minimum gross void ratio C c coefficient of curvature F c fines content C u coefficient of uniformity G specific gravity of the sand-silt mixture D 10 effective grain diameter G f specific gravity of the fines D 50 mean grain size G s specific gravity of the sand D r postconsolidation relative density l p plasticity index e postconsolidation gross void ratio q peak undrained monotonic shear strength e s intergranular void ratio at the at the peak end of consolidation ∆u excess pore water pressure e max maximum gross void ratio γ d postconsolidation dry unit weight thus loss of life and property because of soil failure was important. Settlement of structures may have occurred, particularly in fill areas, and most backfills behind bridge abutments settled. Numerous slope failures were observed in the mountains, some involving the whole side of hills in the region of fault movements. Some major slope failures were observed in the city of Chlef. Soil liquefaction occurred over widespread areas in the flood plain of the Chlef River, particularly in the region of Chlef and surrounding areas. Numerous sand boils were visible. Some of these were 4 m in diameter. Water spouts up to 2 m high were reported in many of the sand boil areas. Partially as a result of liquefaction subsidence, a large earthquake lake formed southeast of the canyon mouth where the Oued Fodda and Oued Chlef Rivers join and flow northwestward through the uplands on the upthrown block of the Oued Fodda fault. Soil liquefaction is the most important earthquake hazard. During earthquake shaking or dynamic shearing, the undrained shear strength of saturated sandy soil mass decreases due to a rapid buildup of excess pore water pressure within a short time. When the excess pore pressure reaches the initial consolidation pressure level, the effective stress becomes zero, inducing a partial or complete shear strength loss, called initial liquefaction. At the state of initial liquefaction the soil mass behaves as a liquid, causing tremendous damages to the soil foundations and earth structures. Sand boils, settlement or tilting of structures, failures of earth dams and slopes, lateral spreading of bridge foundations, and ground failures are some examples of liquefaction damages. Numerous researches have reported different factors influencing the soil liquefaction phenomenon such as soil, sample, and testing parameters. However, most of the previous research has concentrated on the liquefaction of clean sands. But, many natural soils contain a significant amount of fines and many unstable phenomena occur in soil layers with different amounts of fines. Recent laboratory research work carried out by Zlatovic and Ishihara (1995) , Lade and Yamamuro (1997) , Thevanayagam et al. (1997) , Thevanayagam (1998) , Yamamuro and Lade (1998) , Amini and Qi (2000) , Naeini (2001) , Naeini and Baziar (2004) , Sharafi and Baziar (2010) , and Belkhatir et al. (2010a Belkhatir et al. ( , 2010b reveals that sand deposited with silt content can be much more liquefiable than clean sand. Also, strain properties and pore pressure generation in silty sand samples are quite different from clean sand. These new findings emphasize the specific important features of deposits with mixtures of sand and silt. For example, the 1983 Nerlerk berm liquefaction slides in Canada occurred in sands with a certain amount of silt contents (Sladen et al., 1985) ; liquefaction occurred in silty sand and sandy silt in the 1988 Saguenay earthquake in Quebec (Troncoso, 1988) . Yamamuro and Lade (1998) summarized 14 cases of static liquefaction and 32 cases of liquefaction resulting from earthquake in silty soils all over the world. Some researchers have begun to study the monotonic and cyclic behavior of the sand-silt mixtures soils in recent years. However, the conclusions from previous studies appear somewhat contradictory and different.
LABORATORY TESTING PROGRAM
Soil Index Properties
The soil samples used in this study was taken about 6.0 m below ground surface from the bank of the Chlef River, where severe liquefaction occurred during the 1980 El Asnam earthquake (Fig. 1) . Chlef sand has been used for all tests presented in this laboratory investigation. Individual sand particles are subrounded and predominant minerals are feldspar and quartz. The tests were conducted on the mixtures of Chlef sand and silt. The liquid limit and plastic limit of the silt were 27% and 22%, respectively. Chlef sand was mixed with 0 to 50% silt to get different silt content. The index properties of the sand, sand-silt mixtures, and silt used in this laboratory work are presented in Table 1 . The grain size distribution curves of the tested materials are shown in Fig. 2 . The variation of e max (maximum void ratio corresponding to the loosest state of the soil sample) and e min (minimum void ratio corresponding to the densest state of the soil sample) versus the fines content F c (the ratio of the weight of silt to the total weight of the sand-silt mixture) is given in Fig. 3 . We note that the two indices decrease with the increase of the fines content until F c = 30%, then, they increase with further increase in the amount of fines. Figure 4 shows a microscopic photograph of the natural sand of Chlef. Figure 5 illustrates the variation of e max versus e min . It is clear from this figure that the correlation between the minimum and maximum void ratios of the sand-silt mixtures specimens is quite similar to that of Yilmaz and Mollamahmutoglu (2009) and Cubrinovski and Ishihara (2002) .
Sample Size
The dimensions of the samples were 70 mm in diameter and 70 mm in height in order to avoid the appearance of shear banding (sliding surfaces) and buckling. All
FIG. 1:
Geotechnical profile of the soil deposit at the site.
FIG. 2:
Grain size distribution curves of tested materials.
FIG. 3:
Void ratios index of the sand-silt mixtures versus fines content. samples were prepared using seven layers. The resulting height-to-diameter ratio of 1 is kept constant.
Sample Preparation
All samples were prepared by first estimating the dry weights of sand and silt needed for a desired proportion into the loose and dense state (D r = 20% and 91%) using the undercompaction method of sample preparation, which simulates a relatively homogeneous soil condition and is performed by compacted dry soil in layers to a selected percentage of the required dry unit weight of the specimen (Ladd, 1978) . After the specimen has been formed, the specimen cap is placed and sealed with Orings, and a partial vacuum of 15 to 25 kPa is applied to the specimen to reduce the disturbances.
Sample Saturation
Saturation was performed by purging the dry specimen with carbon dioxide for approximately 20 min. Deaired water was then introduced into the specimen from the bottom drain line. Water was allowed to flow through the specimen until an amount equal to the void volume of the specimen was collected in a beaker through the specimen's upper drain line. A minimum Skempton coefficient value greater than 0.96 was obtained at a backpressure of 100 kPa.
FIG. 5:
Maximum void ratio versus minimum void ratio of the sand-silt mixtures.
Sample Consolidation
When samples were fully saturated, they were subjected to consolidation. During consolidation the difference between all-around pressure and backpressure was set so that for each sample the effective consolidation pressure was fixed at 100 kPa.
Shear Loading
All undrained triaxial tests for this study were carried out at a constant strain rate of 0.167% per minute, which was slow enough to allow pore pressure change to equalize throughout the sample with the pore pressure measured at the base of sample. All the tests were continued up to 24% axial strain. Laboratory research related to the fines effect on the liquefaction resistance of silty sands has sometimes been based on the sand skeleton void ratio rather than the gross void ratio. The concept of the intergranular void ratio calculates the void ratio while assuming that the volume occupied by the fines is part of the volume of voids. By neglecting the difference in the specific gravity of coarser and finer particles, an intergranular void ratio e s was formulated as
where G s and G f are the specific gravity of coarser and finer grain matrix forming the soil, respectively, G is the specific gravity of the sand-silt mixture, F c is the fines content, and e is the gross void ratio. Equation (1) gives the intergranular void ratio defined by Monkul and Onal (2006) . The concept of the intergranular void ratio suggests that the fines fill the voids formed between the sand grains, and thus the behavior of sand with moderate amount of fines should be governed by the intergranular void ratio instead of the gross void ratio. However, when the intergranular void ratio exceeds the maximum void ratio of the clean sand, there are sufficient fines to prevent grain-to-grain contact of the sand particles. In this case, the fines constitute the dominant structure and carry the shear forces while the coarse grains may act as reinforcing elements (Thevanayagam and Mohan, 2000) . Figure 6 shows the variation of the initial interparticle void ratio versus the initial gross void ratio and the fines content at a relative density (D r = 20%, 91%). As can be seen in this figure, the intergranular void ratio e s increases with the decrease of the initial void ratio and increase of the fines content until the value of 30% beyond that it increases almost linearly with the increase of the initial gross void ratio and fines content. This shows that the gross void ratio cannot represent the amount of particle contacts in silty sands. As the void ratio and proportion of the coarser of fine grains of soil changes, the nature of their microstructures also changes. Moreover, the intergranular void ratio increases in a hyperbolic manner with the fines content for both relative densities [ Fig. 6(b) ]. 
MONOTONIC TEST RESULTS
Undrained Compression Loading Tests
Figures 7 and 8 show the results of the undrained monotonic compression triaxial tests carried out for different fines content ranging from 0 to 50% at 100 kPa mean confining pressure within two separate density ranges (D r = 20%, 91%). We notice in general that the increase in the amount of fines leads to an increase of the pore wa- . This increase results from the role of the fines to increase the contractancy phase of the sand-silt mixtures, leading to a reduction of the confining effective pressure and consequently to a decrease of the peak resistance of the mixtures, as illustrated by Figs. 7(a) and 8(a). The stress path in the (p , q) plane shows clearly the role of the fines in the decrease of the average effective pressure and the maximum deviatoric stress [Figs. 7(c) and 8(c)]. In this case, the effect of fines on the undrained behavior of the mixtures is observed for the lower fines contents (0% and 10%), and becomes very marked beyond 20%. These results are in good agreement with the observations of Shen et al. (1977) and Troncoso and Verdugo (1985) . Table 2 presents a summary of the undrained monotonic compression triaxial tests.
Effect of the Initial Gross Void Ratio on the
Peak Strength Figure 9 shows the peak strength versus the initial gross void ratio and fines content. It is clear that the peak strength decreases almost linearly as the gross void ratio decreases and the fines content increases for the loose and dense state of the specimen (D r = 20% and 91%) up to 30% fines content. This means that when decreasing the gross void ratio and increasing the fines content, the undrained shear strength also decreases. In this case we could say that the gross void ratio appears to be a parameter not as pertinent in sand-fines mixtures as in clean sands for characterizing the mechanical state of these materials in the range of 0-30% fines content. Beyond F c = 30% the peak strength continues to decrease almost linearly with an increase of the gross void ratio and the fines content for the two relative densities (D r = 20% and 91%). Moreover, the slope of the peak strength line is very pronounced in the case of the smaller fines contents compared to higher fines contents [ Fig. 9(b) ]. Figure 10 illustrates the peak strength versus the fines content. The figure shows that the undrained shear strength (peak strength) of the sand-silt mixtures q peak decreases linearly with an increase of the fines content and converges toward a unique value of the peak strength for higher fines content for the two initial relative densities (D r = 20% and 91%). In this laboratory investigation, for the range of 0 to 50% fines content in normally consolidated undrained triaxial compression tests, the following expressions are suggested to evaluate the undrained shear strength at the peak which is a function of the fines content: Figure 11 shows the undrained shear strength at the peak versus the initial intergranular void ratio. It is clear from this figure that the peak strength decreases as the initial intergranular void ratio increases. It seems that the variation of the undrained strength q peak due to the amount of fines is related to the intergranular void ratio in the range 0-50% fines content. In this case, the behavior of sand-silt mixture samples is influenced by the contacts of coarser grains, which is solely quantified by the interparticle void ratio. By increasing the fines content in the range of 0-50%, the contact between sand grains decreases and therefore the granular void ratio increases and the undrained shear strength at the peak decreases. Moreover, the slope of the undrained shear strength line at the peak is very pronounced for smaller fines contents comparing to higher fines contents [ Fig. 11(b) ] Figure 12 shows the variation of the undrained shear strength at the peak with the initial relative density at various fines contents. It is clear from this figure that an increase in the relative density results in an increase in the peak strength at a given fines content. Thevanayagam et al. (1997) and Sitharam et al. (2004) report similar behavior of increasing undrained shear strength with increasing relative density. The present laboratory study focuses on the effect of the fines content and other param- eters on the undrained shear strength of sand-silt mixtures at various initial relative densities (D r = 20% and 91%). The results of this study show that there is a significant decrease in the undrained shear strength at the peak with the increase in the fines content for both initial relative densities, but there is a significant increase in the undrained shear strength at the peak with the increase in the initial relative density. Moreover, the slope of the peak strength line is very pronounced for smaller fines contents (F c = 0%, 10%, and 20%) compared to higher fines con-
Effect of the Fines Content on the Peak Strength
q peak = 96 − 1.74(F c ) for D r = 20% q peak = 230 − 3.65(F c ) for D r = 91%
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FIG. 9:
Variation of the peak strength with the initial gross void ratio and fines content (σ 3 = 100 kPa).
tents (F c = 30%, 40%, and 50%). The aspect of the present study is in good agreement with the experimental work reported by Ishihara (1993) on Tia Juana silty sand, Baziar and Dobry (1995) on silty sands retrieved from the Lower San Fernando Dam, and by Naeini and Baziar (2004) on Adebil sand with different fines contents.
FIG. 10:
Peak strength versus fines content at various initial relative densities (σ 3 = 100 kPa). Figure 13 shows the excess pore pressure versus the initial gross void ratio and fines content. It is clear that the excess pore pressure decreases almost linearly as the initial gross void ratio decreases and fines content increases for the loose and dense state of the specimen (D r = 20% and 91%) up to 30% fines content. Beyond 30% the excess pore pressure continues to decrease almost linearly with increasing of the gross void ratio and the fines content for the two relative densities (D r = 20% and 91%). Moreover, the slope of the excess pore pressure line is very pronounced in the case of the higher fines contents compared to lower fines contents [ Fig. 13(b) ]. Figure 14 shows the variation of the excess pore pressure with the fines content. As can be seen, the excess pore pressure of the sand-silt mixtures ∆u increases linearly with an increase of the fines content for the two initial relative densities (D r = 20% and 91%). In this laboratory investigation, for the range of 0 to 50% fines content in normally consolidated undrained triaxial compression tests, the following expressions are suggested to evaluate the excess pore pressure which is a function of the fines content: Figure 15 presents the excess pore pressure versus the initial intergranular void ratio. It is clear that the excess pore pressure increases in a significant manner until 30% fines content with an increase of the intergranular void ratio. After that it continues to increase moderately for the loose samples. However, it increases almost linearly for the dense samples as the initial intergranular void ratio increases. Moreover, the slope of the excess pore pressure line is very pronounced for smaller fines contents (intergranular void ratio) comparing to higher fines contents [ Fig. 15(b) ]. Figure 16 shows the variation of the excess pore pressure (∆u) with the relative density at various fines contents. It is clear that an increase in the relative density results in a decrease in the excess pore pressure at a given fines content. However, the excess pore pressure increases with the increase of the fines content at a given relative density. The present laboratory study focuses on the effect of the fines content and other parameters on the excess pore pressure of sand-silt mixtures at various relative densities (D r = 20% and 91%). The results of this study show that there is a significant increase in the excess pore pressure with the increase in the fines content for both relative densities, but there is a significant decrease in the excess pore pressure with the increase in the relative density. Moreover, the slope of the excess pore pressure
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FIG. 14:
Excess pore pressure versus fines content (σ 3 = 100 kPa).
line is very pronounced for higher fines contents (F c = 30%, 40%, and 50%) compared to smaller fines contents (F c = 0, 10%, and 20%). Figure 17 shows the variation of the undrained shear strength at the peak with the excess pore pressure ∆u at various fines contents. It is clear from this figure that the undrained shear strength at the peak decreases hyperbolically with an increase of the excess pore pressure. There is a relatively high degree of correlation between the logarithm of the peak shear strength and the logarithm of the excess pore pressure ∆ for both relative density tests (coefficient of determination R 2 = 0.95 for D r = 20% and R 2 = 0.99 for D r = 91%). The following expressions are suggested to evaluate the undrained shear strength at the peak for the range of 0 to 50% fines content: log(q peak ) = −6.27 log(∆u) + 30.6 for D r = 20% log(q peak ) = −4.7 log(∆u) + 23.7 for D r = 91%
Effect of the Pore Pressure on the Undrained Shear Strength
CONCLUSION
A series of undrained monotonic triaxial tests was carried out on sand-silt mixture samples collected from liquefied sites at the Chlef River (Algeria). The effect of fines content and other parameters on the excess pore pressure generation and undrained shear strength characteristics was studied. In light of the experimental evidence, the following conclusions can be drawn:
FIG. 16:
Excess pore pressure versus relative density at various fines contents (σ 3 = 100 kPa).
FIG. 17:
Undrained shear strength at the peak versus excess pore pressure at various fines contents (σ 3 = 100 kPa).
Undrained monotonic triaxial compression tests performed with two relative densities (D r = 20% and 91%) showed a contractive behavior of the sand-silt mixtures samples at the initial confining pressure in the gross void ratio range tested. The undrained shear strength at the peak decreases as the gross void ratio decreases and the fines content increases up to 30%. Beyond that it decreases with increasing the gross void ratio and the fines content. The peak strength decreases linearly with an increase of the fines content and hyperbolically with the intergranular void ratio. Moreover, the initial relative density influences significantly the undrained shear strength at the peak. An increase in the initial relative density resulted in an increase of the peak strength. The slope of the peak strength line is very pronounced for smaller fines contents (F c = 0, 10%, and 20%) compared to higher fines contents (F c = 30%, 40%, and 50%). The results obtained from this study reveal that the fraction of low plastic fines plays an important role in the generation of the excess pore water pressure in Chlef sand-silt mixture samples. It was found that the excess water pressure increases linearly with the increase of the fines content and hyperbolically with the increase of the intergranular void ratio for both densities (D r = 20% and 91%). The results show also that the gross void ratio parameter could not be used to represent the pore pressure response of the sand-silt mixtures and the excess pore pressure and the undrained shear strength at the peak can be correlated to the fines content up to 50%.
